This paper presents a mathematical model of how rapidly polycyclic aromatic hydrocarbons (PAHs) adsorb onto initially clean micron-size particles in the ambient air and how fast these substances are likely to be desorbed from the particles after deposition on the surface lining layer of the lung. Results show that, on the one hand, the very low gas-phase concentrations of PAHs in the ambient air should result in a comparatively slow transfer of such compounds to micron-size particles, a process that may last from minutes to hours. On the other hand, the comparatively high solubilities of PAHs in the lining layer of the lung should promote an almost instantaneous release of PAHs onto nonporous particles, and a release within a matter of minutes of most PAHs reversibly adsorbed onto the interior surfaces of porous particles. Two important conclusions can be drawn from this. First, the PAHs in tobacco smoke do not have time enough to interact in the gas phase with other airborne particles before these agents are inhaled into the smoker's lungs. Therefore, adsorption in the gas phase of PAHs onto asbestos fibers can hardly be a characteristic parameter in the mechanism behind the synergistic effect between tobacco smoking and asbestos exposure for the induction of bronchial cancer. Second, the release rate of reversibly adsorbed PAHs from their carrier particles in the lung seems to be so fast that this cannot be a parameter of importance in directly influencing the residence times of such substances in the lung.
Introduction
Particle association is an important characteristic of polycyclic aromatic hydrocarbons (PAHs) both, in relation to their behavior in the ambient air and in relation to their suspected role as initiators of lung cancer in man. Before inhalation in the ambient air, this association or adsorption of PAHs can be characterized as a solid-gas equilibrium, and after the deposition of particles and PAHs in the lung it can be described as a solid-liquid equilibrium. Crude estimates for these equilibria can be obtained from the literature. In the ambient air, a dominant fraction of the heavier PAHs is bound to particles (1, 2) , and, when these particles have been deposited in the lung, almost all adsorbed hydrocarbons will be released to the surrounding media (3) (4) (5) . In contrast to these equilibria, very little is known about the rate of those mass transfer processes that lead to these equilibria. This should be of vital importance to the understanding of *Department of Chemical Engineering, Royal Institute of Technology, S-100 44 Stockholm, Sweden.
the subsequent biological action of these substances.
Most PAHs are adsorbed or condensed onto airborne particles at the high concentrations and elevated temperatures present in smoke stacks or exhaust pipes leading from combustion processes in which these agents are generated (2) . For one important class of particles, however, this adsorption of PAHs has to occur under typical ambient air conditions. This class of particles is mineral fibers, on which particular interest has been focused due to the strong synergism observed between tobacco smoking and asbestos exposure for the induction of bronchial cancer (6) . One proposed explanation for this synergistic effect is that carcinogenic compounds in the smoke, e.g., PAHs, are adsorbed onto the surfaces of the asbestos fibers, which in turn may lead to an increased retention of these carcinogens in the lung (7) . Due to a very unfavorable equilibrium of PAHs on particles in a liquid such as the surface lining layer of the lung (8) , this adsorption most likely has to occur before inhalation in the ambient air. The time required to saturate a fiber with PAHs in the ambient air determines how specific this effect can be. A very rapid process, perhaps lasting a second or so, may give smokers considerably higher doses of adsorbed PAHs than nonsmokers, if such fibers are inhaled together with the smoke. If a span of time of minutes or hours is required, this should give smokers as well as nonsmokers roughly the same fiberborne doses of PAHs.
After deposition in the lung, two virtually counteractive mechanisms have been suggested through which particle association may influence the biological action of PAHs. On one hand, particle association has been shown to increase the carcinogenic action of PAHs in animal experiments (9) (10) (11) . This has been explained by a slow release of these substances from their carrier particles, causing increased retention in the lung (12) . On the other hand, it has also been suggested that a slow release of PAHs from their carrier particles might contribute to a mechanism protective of the lung. This mechanism is the rapid redistribution of PAHs from the lung to the gastrointestinal tract, apparently through mucociliary action during the first 30 min after the inhalation of these substances as aerosols in animals (13 (8) . Assuming in these cases an instantaneous surface reaction, these release rates can be regarded as being determined by a transport process acting against two resistances connected in series. The first is the particle resistance which, if wetting is good, stems from the diffusion of the adsorbed PAHs within the pores of their carrier particles. Solid particles without pores thus have very low or no particle resistance at all. The second is film resistance, which stems from the diffusion of the released substance through a more or less stagnant film of liquid surrounding the particle. The distinction between these two resistances is of great importance, because particle resistance is determined to a great extent by the properties of the particles, whereas film resistance is dependent mainly upon the properties and movements of the surrounding medium. This suggests that particle resistance is responsible for only a fraction of the time in the above release rate experiments. (1 7) . A general treatment of transport phenomena in biological systems is provided by Lightfoot (18) . As regards the particular question of inhalation of PAH-contaminated particles, there is a phase when physical transport phenomena are likely to dominate and could be modeled using the fundamental equations described in the literature. This is the phase from the moment when PAHs and particles are emitted into the air until the released hydrocarbons are first absorbed by cellular membranes in the lung. A better knowledge of the duration of these processes, which involve mechanisms such as molecular diffusion, convection, adsorption onto solids, and partition between various phases, can be of great value for an understanding of the subsequent biological action of these hydrocarbon carcinogens. This is particularly true since mechanisms involving very low concentrations and a micro-size scale are extremely difficult to discover experimentally without any a priori knowledge of what should be expected. The very complex interactions between a multitude of PAHs and particles in the environment have to be greatly simplified in order to be treated with a fairly simple model. Still, it would be of great value to have at least a rough idea of the importance of these mostly unknown phenomena. A successful simulation will at the best lie close to the center of the wide distributions of important time intervals likely to occur in reality. Of course, whatever comes out of these models must be tested in appropriate biological systems.
PAHs are formed in combustion processes through reactions in the gas phase, generating molecules with a great variation in size (2) . The larger the molecule, the lower its vapor pressure (19) . As soon as the combustion gases cool, an adsorption or condensation of the aromatic hydrocarbons occurs onto particles formed in the same process (2) . The lower the vapor pressure, the greater this adsorption. At ambient air temperatures, PAHs with six ring closures or more will exist almost completely in the particle phase, whereas hydrocarbons with fewer than three ring closures will exist predominantly in the gas phase. Compounds with three to five ring closures thus will exist in a fairly equally balanced gas-solid equilibrium between gas and particles (1). Some well-known carcinogens such as BaP and dibenz[a,h]anthracene belong to the latter group, and this molecular size is therefore chosen for the model. The other compounds also occurring within these limits must be represented by one model PAH.
The nature and the strength of the binding between PAHs and particles varies greatly, not only between different particle types but also between the various binding sites available on the same particle (2) . A fraction of these binding sites on fly ash have energies that will result in a chemisorption of PAHs, whereas molecules adsorbed in excess of this amount will gradually be more reversibly bound to the surface. Also, a stronger adsorption of PAHs has been demonstrated for the carbonaceous particle fraction in fly ash as compared with the mineral and magnetic particle fraction (20) . This great variation in the binding energies has also lead to very different estimates of the rate of the sorption reaction at the particle surfaces. In some studies this reaction has been found to be very rapid (2) , and it has been calculated to occur within seconds at ambient air temperatures as well (21) . However, in case of carbonaceous particles the surface reaction can be very slow, and for some fractions of PAHs this may take on the order of several days (22) . Apparently, a fast surface reaction will make the diffusional mass transfer a rate-determining step, whereas a slow surface reaction will in itself control the rate of release of the PAHs. Since most biological experiments and release rate experiments have been performed under conditions where a very fast surface reaction of PAHs on the particles must be expected, in the present model this reaction is assumed to occur instantly, so only the kinetics of diffusional mass transfer of PAHs to and from the reacting surfaces are considered.
A general porous particle of micron-size will be treated. This particle has a homogeneous surface divided into the outer surface, directly exposed to the surroundings, and the surface of the pores in the interior of the particle. The outer surface is modeled as that of a smooth sphere, and the surface of the pores is modeled as that of straight cylindrical dead-end pores of a chosen length and diameter. The model pores are chosen fine enough so that there are essentially two mass transfer processes separated in time, with a rapid mass transfer to or from the outer surface preceding the much slower mass exchange within the particle interiors. The settling speed of micron-size particles in either the liquid phase or the gas phase should not influence the rate of mass transfer to these particles and this will therefore be the same as the mass transfer in a stagnant medium. The model PAH is assumed to have linear adsorption isotherms on the surfaces of the particles, which are estimated from the literature and from our own experimental results to be published in parallel with this article. These isotherms thus corresponds to the more reversibly adsorbed fractions of PAHs. Also, only ordinary diffusion of PAHs in the pores is considered surface diffusion being neglected.
First, the initially clean model particle is emitted into air with a certain concentration of the model PAH. The rate of adsorption of the hydrocarbon onto the outer surface and the surfaces of the pores is then modeled. Secondly, when this particle has reached equilibrium in the gas phase, its inhalation and deposition on the lining layer of the lung are simulated as the immersion of the particle into an infinite stagnant medium of pure water. The desorption of the model PAH from first the outer surfaces and then the porous interior is treated. All surfaces of the particle are assumed to be instantaneously wetted by the water. The PAH is regarded as having been released as soon as the dissolved substance reaches the outside of the particle curvature. The equations in this model are fundamental or can be easily derived from fundamental equations described in the literature. The accuracy of the solutions under the stated preconditions will be far better than the errors introduced through model simplifications and parameter estimations.
Model of the Adsorption of PAHs in the Gas Phase [2] Integrating twice with respect to r gives the concentration profile around the sphere of radius R (Fig. 1 ). Differentiating this with respect to r gives the concentration gradient at the surface of the sphere, which in turn by multiplication with the diffusivity D ( (m2/sec) of the model PAH gives the mass flux N (g/m2,sec) to the surface of the sphere.
The concentration of the PAH in the gas phase at the surface of the sphere and the surface concentration on the sphere are related through the adsorption isotherm (Eq. 1). Combining Equations 1 and 3 and integrating over time now gives the relative surface concentration on the sphere as a function of time [4] A Pore
Consider a straight cylindrical pore, with a diameter dp and length L, in contact with a gas phase containing an adsorbing substance at a concentration CG (Fig. 2) Two model particles with different adsorption capacities will be considered, one a porous spherical particle typical of the ambient air and one a porous fiber simulating chrysotile asbestos. The adsorption coefficient chosen for the spherical particle is K G -104(m); this choice is explained at greater length in the Appendix. The adsorption coefficient chosen for the fiber particle is KG = 250 (m), which is based on our own experimental data (25) . The 40 times higher adsorptivity of the average spherical particle compared with the chosen mineral fiber is justified by the fact that carbonaceous particles or higher adsorptivity make up a considerable fraction of the ambient air particulates. The diffusivity chosen for the model PAH in air is DG = 5 x 10-6 (m2/sec), derived from the diffusivity of naphthalene, which is 5 x 10-6 (m2/sec) at 0°C (26) .
The rate of adsorption onto the outer surfaces of the particles is considered first. The spherical particle in the ambient air is given a diameter of d, = 1 ,um, and the model fiber has also a diameter of 1 pm and a length of 10 tm. For simplicity, each model particle will be characterized only by diameter of its outer curvature and by the size of its pores. This means that the outer surface of the fiber will also be assumed to act as a sphere with the same diameter as that of the fiber. This should simulate the rate of mass transfer to the fiber ends with their more or less spherical geometry quite well, but the rate of mass transfer to the cylindrical midsection of the fiber will be overestimated. However, the accuracy required in this case should not suffer appreciably if time taken for the midsection to reach a certain degree of equilibrium is 10 times longer than the time taken for the end sections, a limit that is probably not exceeded. Insertion into Equation 4 gives that the outer surface of the spherical model particle will reach 90% of its equilibrium concentration within about 40 min and the model fiber within about 1 min (Fig. 3) , a difference that is due to the higher adsorption capacity of the former particle.
The rate of adsorption onto the porous interiors of the particles is now simulated. The pore diameter chosen for both particles is 100 A, which is a fairly good estimate of the size of both a pore in chrysotile asbestos (27) and of a typical pore in a spherical ambient air particle (28 The pore is also assumed to have more of the PAH adsorbed before deposition in water than will be adsorbed in a saturated water solution. The release of the PAH from such a pore can be described in three steps (Fig. 5) [10] where C(t = 0) has been written C §Then the desorption will propagate as a moving boundary into this pore with a linear drop in the concentration of PAH from saturation at this boundary to zero [15] The starting point of the third and transient part of the desorption process is when the moving boundary reaches the bottom of the pore. Then there is a linear concentration profile both in the liquid and on the surface of the pore ranging from zero at the pore mouth to a saturated liquid at the bottom of the pore. The solution to this diffusional problem can be found in the solution for the corresponding heat transfer problem, which is described in Carslaw and Jaeger (15 [16] Dapp is the apparent diffusivity in the liquid given by Equation 6 . The total amount of the PAH in the pore at a given moment can be obtained by integrating both the liquid concentration profile calculated from Equation 16 and the corresponding surface concentration profile obtained from the adsorption isotherm over the pore length. This procedure is repeated with increasing time.
Simulation of Desorption in the Aqueous Phase
The two model particles with PAH previously adsorbed in the gas phase are now desorbed in the aqueous phase. As in the previous section, the mass transfer processes to the two types of surfaces will first be treated separately and then weighed together using the same ratios as before. The chosen diffusivity of the model PAH is DL = 5 x 10-10 (m2/sec), which is derived from a diffusivity of 2-naphthol in pure water of 7 x 10-10 (m2/sec) at 290C (29) . The solubility chosen for the model PAH in pure water is the same as that of BaP adjusted to 370C or 5 ,ug/L (30) . The composition of the real lining layer is of course much more complicated, and the lipid-aqueous heterogenic structure is particularly important due to its content of surfactant lipids. The coefficient for the linear adsorption isotherm when the model PAH is adsorbed onto the fiber is taken from actual measurements (to be published) of the adsorption of BaP onto chrysotile asbestos in water and is chosen to be 2.5 x 10-5 (m). Since no data are available from the literature on KL for the spherical particle, this is given a value 40 times higher than that of the fiber here as well, or 1 x 10-3 (m).
Insertion into Equations 7 and 9 shows that the model PAH adsorbed on the outer surfaces of the particles should be desorbed within about 0.1 sec in the case the model fiber and within about 4 sec in the case the spherical particle with its higher adsorption capacity (Fig. 6) . However, these figures probably greatly underestimate the true release rates of readily elutable PAHs in the lung for reasons given in the next section. Insertion into Equations 14 and 16 shows that the fraction of PAHs adsorbed within the pores of the particles will be desorbed within a few minutes in the case of the spherical particle and within about 10 min in the case of the model fiber (Fig. 6) . Here influence of lipids in the liquid filling the pores on the release rate of PAHs is more difficult to assess, but the results obtained should indicate the order of magnitude. If these curves are weighed together in the same ratios of outer surface area to porous surface area as before, this gives the release of the model PAH from the particles (Fig. 7 ).
Discussion and Conclusions
In general, the rate of desorption of PAHs from particles in water is much more rapid than the rate at which these hydrocarbons are adsorbed in the ambient air. The reason for this is the extremely low (2n+l) n x L gas-phase concentrations of PAHs compared even with their very low water solubilities, a condition that leads to a driving force for the desorption in the calculated examples that is roughly 5 million times that of the adsorption.
The order of magnitude of the simulated rates of adsorption in the gas phase indicates that the amount of PAHs adsorbed on micron-size particles cannot be appreciably altered during inhalation of these particles together with the smoke from a cigarette. Whether inhaled by a smoker or not, the amount of PAHs carried into the lung by an asbestos fiber should thus be determined by the concentration of PAHs in the air in contact with this fiber during the hours before inhalation. Any interaction between inhaled asbestos fibers and PAHs in the smoke from the smokers own tobacco should therefore take place within the lung, probably in the surface lining layer of this organ. At typical ambient air conditions, it seems reasonable to assume that diffusional mass transfer is a ratedetermining step in comparison with the kinetics of the surface reaction in the transfer of larger size PAHs to airborne particles. The calculated mass transfer rates of PAHs onto a typical ambient air particle are not contradicted by equilibrium conditions suggested between PAHs and particles in the ambient air (1) .
Once deposited in the lung, the general picture is a The other mechanism that may retain PAHs within the particles, a slow surface reaction, can, as mentioned before, in some cases extend the tail on the release curve up to several days (22) . Adding the two mechanisms gives a two-stage release process of PAHs from a general carrier particle consisting of one intense initial pulse of reversibly adsorbed PAHs at the moment of deposition in the lung followed by a slowly declining leakage of PAHs of very low intensity. This discussion will be focused on the hypothetical consequences of the rapid initial phase, which has not been addressed in the literature before.
The very rapid release of PAHs from nonporous particles seems to limit the hypothesis of a carrier function attributed to mineral fibers for PAHs into the lung tissue (33) to porous fibers such as chrysotile asbestos. Solid fibers such as man-made mineral fibers and probably also the amphibolic asbestos types should release their adsorbed PAHs so rapidly upon deposition in the lung that probably little remains even after a direct passage of the surface lining layer. The porous chrysotile fiber, however, should be able to carry its load of PAHs adsorbed onto its interior surfaces across the lining layer and into the epithelium below. Although the amounts of PAHs adsorbed by mineral fibers in the ambient air should be less than the amounts adsorbed by other particle types, their elongated shape may provide a means for introducing this load directly into the epithelial cells, through the documented ability of thin fibers to penetrate cellular membranes (34) . It should be noted that due to the slow adsorption of PAHs in the ambient air, this effect should be quite the same for smokers as for nonsmokers. Furthermore, this effect has to occur at the instant of deposition of the fiber in the lung, or shortly thereafter. After this phase a direct interaction between mineral fibers and PAHs in the lung is not very plausible, which is also suggested in other papers (8) . (37) . This has lead us to formulate a new hypothesis for the mechanism behind the strong synergism observed between asbestos exposure and tobacco smoking for the induction of bronchial cancer (38) . This is of course a rather crude model of the mass transfer of PAHs between micron-size particles and their environment, and the results obtained mirror the uncertainty of both the input data and the model simplifications made. The safety margin for the conclusions drawn from the comparatively slow adsorption of PAHs in the ambient air should be sufficient, but the release of PAHs from particles in the lung is much more complex. One crucial point is then the true environmental distribution of particle-associated PAHs between the two categories where either the rate of the surface reaction is limiting for the release rate of PAHs or the diffusional mass transfer to and from the particle surfaces. Being relevant only for the latter case, the presented model should then, however, indicate the right order of magnitude. Future research thus has to determine the relative magnitude of these two phenomena, preferably through release rate experiments using single, micron-size particles. But more important, the biological impact of these two fractions of PAHs to humans has to be assessed. A clear indication that a rapid initial phase in the release of aromatic hydrocarbons really exists is shown both in our own experiments with mineral fibers (25) , and with more important carrier particles of PAHs. Subcutaneous fat fluoresces strongly in ultraviolet light within minutes after the administration of tobacco tar on the skin of mice (39) . A prolonged exposure to PAHs leading to a critical transformation of pulmonary epithelial cells in man is perhaps not the result of a slow release of larger doses of PAHs administered at a few occasions as often is the case in animal experiments. Transformation might well be caused by frequently repeated, highintensity doses of PAHs released shortly after the deposition of such carrier particles in the lung.
Appendix
Estimation of the Adsorption Coefficient of the Spherical Particle Typical urban air has a total content of both free and particle-associated BaP of 0.6 to 3.5 ng/m3 (24) . If about 3% of this amount is estimated to be free in the gas phase (1), this gives a concentration in the gas phase of BaP of, say, 0.05 ng/m3. If it is further assumed that the concentration of BaP constitutes 5% of the total concentration of the model PAH, which represents the multitude of components present in reality, then the free gas-phase concentration of the model PAH will be CG = 1 ng/m3. A typical concentration of particle-bound BaP in urban air is 5 to 50 ,ug/g (24) . Assume that this constitutes 5% of the total concentration of the model PAH. Then the particle-bound concentration of the model PAH will be 10-4 g/g. If the specific surface area of a typical urban air particle is set at 10 m2/g, this gives a surface concentration of the adsorbed model PAH on the particles of CS= 10-5 g/m2 and the adsorption coefficient can thus be estimated to be KG = CS/CG= 10-5/10-9= 104(m). 
Notations

